Introduction
One of the striking features of species differentiation is the rapidity with which males' external genitalia have evolved, as documented by Eberhard (1985) , who argues that sexual selection is the primary agent for this rapid evolution. Recent evidence described below from both genetic analyses of species differences and molecular comparisons of proteins involved directly in male reproduction have extended the observation-it may not be only male genitalia but also other male reproductive characters that experience rapid evolution.
Species divergence, at least in those taxa whose males are heterogametic such as mammals and Drosophila, is marked by an extraordinarily large number of incidents of hybrid male sterility (Wu and Davis 1993) . The question "Why are there so many sterile males?" has also been raised on account of the surprisingly high number of genes contributing to hybrid male sterility. For example, in a series of studies between two sibling species of Drosophila, the number has been estimated to be more than 120 (Palopoli and Wu 1994; Davis and Wu 1996; Wu, Johnson, and Palopoli 1996) . The number of genes for hybrid inviability or hybrid female sterility is perhaps an order of magnitude lower (Hollocher and Wu 1996; True, Weir, and Laurie 1996) . One of the hypotheses to explain such a pattern is that sexual selection, or competition among males for fertilization (Wu, Johnson, and Palopoli 1996) , drives the rapid evolution of those genes involved primarily in male reproduction.
There have been several studies that suggest elevated rates of evolution in male reproduction at the molecular level, for example, by 2-D protein electrophoresis (Coulthart and Singh 1988) . Other notable examples are the spermatid-associated proteins such as lysin and bindin in marine invertebrates.
These proteins have been shown to have large numbers of amino acid substitutions relative to synonymous changes (Lee, Ota, and Vacquier 1995; Metz and Palumbi 1996) . In marine invertebrates that shed massive quantities of gametes for external fertilization, such proteins probably play a cru-cial role in gamete recognition. A natural question to ask is if such a phenomenon could be observed in species with internal fertilization, where gamete recognition may not be as crucial. In other words, we wish to know if the lysin and bindin results reflect sexual selection driving molecular evolution or whether they represent a specific phenomenon of gamete recognition in marine invertebrates.
A possible candidate for addressing this question is the Acp26Aa (accessory gland protein) gene in Drosophila, previously analyzed by Aguade, Miyashita, and Langley (1992) .
The product of the Acp26Aa gene is one of a group of specialized proteins transferred to the female in the male's ejaculate (Monsma, Harada, and Wolfner 1990; Herndon and Wolfner 1995) . The gene product stimulates female egg laying in the first day after mating (Herndon and Wolfner 1995 ) . Aguade, Miyashita, and Langley (1992) have compared the whole Acp26Aa gene between four sibling species of Drosophila and observed a very high rate of amino acid substitution (K,) that is statistically indistinguishable from the rate of synonymous substitution (K,). A gene that shows K, = KS is most interesting because it lends itself to two drastically different interpretations.
First, the gene may be entirely neutral, with perhaps only one selective constraint against frameshift mutations. Alternatively, part of the gene may have experienced accelerated evolution which is offset by negative selection in other parts. Aguade, Miyashita, and Langley (1992) used population genetic analyses to infer deviation from the neutral pattern. They also suggested that the gene may have experienced different selective pressures in different lineages.
Because an elevated K, that does not exceed KS could be due to the relaxation of negative selection rather than to the aid of positive selection, the most direct evidence for the action of positive selection would still be K, > KS. We therefore attempted to obtain the Acp26Aa sequences from other closely related species. If positive selective pressure varies, we may find clearer signals of selection in some branches than in others. In this report, we present a simple finding that K, is larger than KS for the entire Acp26Aa gene when D. melanogas&r/D. simulans (Aguade, Miyashita, and Langley 1992) 
Materials and Methods

Species
Of the eight species recorded in the D. melunogaster species subgroup, four have been studied by Aguade, Miyashita, and Langley (1992 We obtained one sequence each from the four remaining species of this subgroup, D. yakuba, D. teissieri, D. orena and D. erecta, as described below. Sequences from the latter two species turn out to be too divergent from others, with numerous insertions and deletions, to allow reliable alignment and are excluded from our analysis. No PCR reactions could be done successfully on several species from the neighboring D. montium subgroup using the procedure described below. Therefore, only four sequences are included in our analysis as shown in figure 1.
Sequences
To obtain the Acp26Aa gene from D. yakuba and D. teissieri by PCR reactions, we used the primers at positions 26-46 and 1084-l 102 of the D. melunogaster sequence in Aguade, Miyashita, and Langley's (1992) alignment. The sequences that were obtained span the entire exon II of 250 codons. Each codon was confirmed in two to six different PCR/sequencing reactions. The aligned sequences are presented in figure 2, with position 1 corresponding to position 118 of Aguade, Miyashita, and Langley (1992 
Analysis
We used the NewDiverge program of the GCG package, which is based on the method of Li, Wu, and Luo (1985) with modifications by Li (1993) , to calculate K, and KS. We consider positions l-780 of figure 2 but exclude positions 265-330 because of the multiple gaps. From position 792 to the end is a noncoding region; pairwise distances in this region are based on Kimura's two-parameter (1980) method. K, and KS between nodes A and B of figure 1 can be approximated as shown below. We designate dii as the distance (either K, or KS) between nodes i and j. To calculate dAB, we assume dU is additive (e.g., d13 = dAl + dA3) and
We shall let x 2 designate summation over i = 1, 2 and j = 3, 4. To calculate Var dAB, we note that the variance on the right hand terms of equation (1) 
The covariance terms are all equal to 0 because the three distances are independent. The variance on the left-hand of equation (1) is
There are six covariance terms; for example,
These covaxiance terms sum up to Var d12 + Var d34 + 6 Var dM. Therefore,
Equating the above expression with expression (2), we obtain A more elaborate method can be found in Li (1989) . Equation (4) is a simplified formula based strictly on the additivity of distance, although previous methods (Li 1989 ; Rzhetsky and Nei 1992) also invoke additivity in part of the derivation.
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Results
Table 1 presents the KS and K, values for all pairwise comparisons.
The KS values of the Acp26Aa gene appear higher than those for most other genes sequenced for these taxa. randomly chosen genes (K. Schmidt, personal communication) . Interestingly, the distances in the noncoding region are closer to the average level of genome divergence among these species.
The most important observation is that K, averages more than 50% higher than KS among all four comparisons between D. yakubalD. teissieri and D. melanogaster/D. simuhs.
The many deletions and the alignment of stop codons with amino acids (positions 781-786) suggest that the actual K, may be even higher. Because the four comparisons are not independent, it is difficult to compute the overall statistical significance. We therefore calculate KS and K, between nodes A and B of figure 1 (see Materials and Methods). The K,IK, ratio along this branch is 2.18, and the observed K, -KS is 0.197 with a standard error of 0.093 (P < 0.05; table 1). Note that the region 265-330 is excluded due to multiple gaps. If the excluded region is extended over the five highly variable codons (thick underline of fig. l ), the K,IK, ratio is essentially the same at 2.08. J. Zhang and X. Gu have also analyzed these sequences by a different method that is similar to Rzhetsky and Nei's (1992) and concluded that K, is significantly greater than KS between nodes A and B (P < 0.0005).
Discussion
The high Ka/Ks ratios of Table 1 are not likely to be due to mechanisms that reduce KS, such as codon usage biases, because the KS values at the Acp26Aa locus are themselves higher than the average values for these species. Neither are the high K,IK, ratios explainable by possible estimation biases. Ina (1995) and Comeron (1995) have both shown that all methods consistently underestimate Ka/Ks to some extent. Thus, positive selection driving amino acid substitution is a plausible explanation. The analysis parallels the observations on lysin and bindin of marine invertebrates (Lee, Ota, and Vacquier 1995; Metz and Palumbi 1996) . However, selection mechanisms for accelerated evolution may be different between systems of external and internal fertilization; for example, gamete recognition may be more important in the former than in the latter. Since Acp26Aa is expressed only in the male reproductive tract and the protein is processed only upon transfer to females (Monsma, Harada, and Wolfner 1990; Park and Wolfner 1995) , its fitness effect may be mediated through malemale competition. Clark et al. (1995) (Herndon and Wolfner 1995) The high K, value between species could suggest simple directional selection, which should tend to reduce the level of polymorphism.
However, because the observed level of polymorphism within species is high (Aguade, Miyashita, and Langley 1992) , alternative explanations need to be sought. Either overdominant or frequency-dependent selection can have the effect of increasing K, over KS without reducing the level of polymorphism (Hughes and Nei 1988, 1989 ). Frequency-dependent selection may be worth considering for two reasons. First, it does not always predict long persistence of alleles (Hughes and Nei 1988, 1989) and, in Aguade, Miyashita, and Langley's (1992) data, the differences among Acp alleles of D. melunoguster do not suggest a very old polymorphism.
Second, sperm competition, if true, can sometimes generate frequency-dependent selection (Wu 1983; Prout and Clark 1996) . A possible test of these hypotheses (directional, overdominant, or frequency-dependent selection) may require surveying polymorphisms in two populations or two closely related species.
As first noticed by Aguade, Miyashita, and Langley (1992) , selective pressure on this locus may vary between lineages. The rapid protein evolution between nodes A and B (K,IK, > 2) suggests that a functional shift may have taken place, characterized by a burst of selection-driven amino acid replacements. An indication could be the recent finding of a much smaller Acp26Au product in the accessory gland of D. yukubu males than in other species (D. M. Neubaum and M. E Wolfner, personal communication).
The "functional shift" hypothesis can best be tested directly by interspecific gene replacement.
It seems unlikely that every one of the many Acp genes, let alone every gene that is involved in male reproduction, is driven by sexual selection. Some genes with exclusive expression in male reproductive tracts are known to be conserved (Schmidt et al. 1993) . Nevertheless, the genetic (Wu, Johnson, and Palopoli 1996; Davis and Wu 1996) and molecular data (Aguade, Miyashita, and Langley 1992; Lee, Ota, and Vacquier 1995; Metz and Palumbi 1996) strongly suggest that the collection of genes involved directly in male reproduction may represent an enriched source for investigating sexual selection. Just what sorts of genes of male reproduction experience strong selection and which do not? The answers will likely shed some light on the process of evolution by sexual selection at the molecular level.
